The practice of intercropping pearl millet with cowpea is widespread among subsistence farmers in northern Namibia. In this region, the scarce and erratic rainfall may enhance competition for the limited soil water between intercropped plants. Trials were conducted on a fi eld of the University of Namibia (on-station) and on a farmer's fi eld (off-station) to determine the effects of competition between pearl millet and cowpea on the water sources and plant growth of each crop. The deuterium analysis showed that pearl millet, intercropped with cowpea, signifi cantly increased its dependence on the recently supplied labeled irrigation water. Intercropped cowpea also showed an increased trend of the dependence but it was not statistically signifi cant. At the university fi eld, intercropped pearl millet showed higher dependence on the irrigation water than monocropped pearl millet. At the farmer's fi eld, the dependence of intercropped pearl millet on the irrigation water was low in the pearl millet-dominant zone. In contrast, the dependence on the irrigation water was high in the cowpea-dominant zone, indicating that the dependence on the irrigation water changes according to the size of the pearl millet canopy. The water sources of cowpea did not show a signifi cant difference at either pearl millet-dominant or cowpea-dominant zone, indicating a stable water uptake trend under competitive conditions. Competition with cowpea signifi cantly increased the root-weight density of intercropped pearl millet in the deep soil layers, but decreased that in the shallow layers. The root-weight density of intercropped cowpea, however, was reduced in most of the soil layers. In conclusion, cowpea has a higher ability to acquire existing soil water, forcing pearl millet to develop deep roots and shift to the surface irrigation water.
In the local agriculture of northern Namibia, pearl millet is the major cereal crop commonly intercropped with cowpea. For subsistence farmers, the milletbased system aims to produce pearl millet as the staple grain food, while cowpea has secondary importance. To achieve this, farmers traditionally sow pearl millet with occasional rows of cowpea for the most part. In this region, precipitation defi cits are associated with the great irregularity of rainfall, which are the major environmental factors limiting the productivity of pearl millet (Matanyaire, 1998) . The shortage of water in these areas is also a consequence of the low waterholding capacity of the soils (Matanyaire, 1998) . Payne et al. (1990) indicated that the proportion of soil water that remains in the root zone appears to be a more crucial limitation than the total rainfall in low-input millet fi elds in the Sahel, where the environment is almost identical with that of northern Namibia. Under such conditions, strong competition for limited soil water between intercropped pearl millet and cowpea may occur. Although the agronomy of the pearl milletcowpea system has been extensively investigated (Stoop, 1986; Ntare, 1990; Reddy et al., 1992; Craufurd, 2000) , only a few studies have dealt with water competition and the sources of water used. In pot and fi eld experiments, we found that cowpea has higher ability to acquire existing soil water than pearl millet, forcing pearl millet to use recently supplied (irrigation) water , 2006 . Under semiarid subsistence farming conditions, however, the higher competitive ability of cowpea to acquire existing soil water than that of pearl millet has not yet been evaluated. Furthermore, no fi eld studies have compared the root development of neighboring species in the pearl millet-cowpea system under dry and wet conditions. So far, several studies dealt with root development under mixed or intercropping conditions. For example, Whittington and O'Brien (1968) suggested that rye grass rooted more deeply when intercropped with meadow fescue than when planted alone. Katayama et al. (1996) , through minirhizotron measurements, found that the root density at the sur face layers was reduced by intercropping in legume/legume (pigeonpea, groundnut, and cowpea) and legume/cereal (pigeonpea, sorghum, and pearl millet) combinations. Using the monolith method, they also demonstrated that the total root length of legumes was shorter under intercropping than in monocropping. However, there was no signifi cant difference in the total root length of cereals between the monocropped and intercropped situations (Katayama et al., 1996) . Furthermore, the root length density of intercropped cassava (Lose et al., 2003) , the root weight of barley (Brenchley, 1919) , and the degree of root branching and expansion of several cereals and weeds Harrington, 1934, 1935) were reduced by competition. Under droughtstressed environments, intercropping may change the rooting patterns of neighboring species, and this interaction may also affect their competitive ability to capture the limited resources.
Water sources and root activity in competitive environments can be evaluated by measuring the variation in the relative abundance of deuterium in xylem sap water of plants. The comparison of the H isotope signatures from xylem sap with those of a simulated rainfall event (recently irrigated water) and existing (stored) soil water can be used to reveal the source of water used by intercropped plants.
Recently, this technique has been used to reveal the water sources of tree/shrub communities (Dawson and Ehleringer, 1991; Ehleringer et al., 1991; Dawson, 1993) and annual crops (Zegada-Lizarazu and Iijima, 2004; Araki and Iijima, 2005; Iijima et al., 2005; , 2006 . Tracing water sources is important to understand species interactions in competitive environments, particularly, where intercropped species vary greatly in functional characteristics (Burgess et al., 2000) . The objective of the present study was to determine the effects of competition between the intercropped pearl millet and cowpea on the water sources and plant growth of each crop using deuterated water as a tracer together with measurements of leaf water status, shoot dry-matter production, and root development in a drought-prone environment in northern Namibia.
Materials and Methods

Study locations
Two fi eld experiments were conducted to evaluate the plant growth and water sources of intercropped pearl millet with cowpea; one was at the University of Namibia, Ogongo Campus (latitude 17º43'S, longitude 15º15'E), referred to as the university fi eld hereafter, and the other was at a private farmer's fi eld in Omaandi, a village located at 3 km NE from the Ogongo Campus, referred to as the farmer's fi eld hereafter. The owner of the farm fi eld gave his consent to the research to be conducted on his fi eld. At the Ogongo Campus, rainfall for the 2004-2005 cropping season was unevenly distributed, with a total of 192 mm (58 mm below the 5-year average). In December 2004 no rainfall was registered. Further information of the rainfall distribution during 2005 is presented in Fig. 1 for this month is 23.1ºC (National Meteorological Center, Windhoek, Namibia). The topsoil (0-45 cm) in the fi eld was sand at both the university and farmer's fi elds. Further information about the soil characteristics at both locations is presented in Table 1 . The soil fertility at the different sampling positions was not measured in either experiment.
Treatments and fi eld management
At the university fi eld, one day before sowing, the land was prepared and leveled with a rotary plough to a depth of 15 -20 cm. Before sowing 45 kg ha -1 each of N, P 2 O 5 , and K 2 O was broadcasted and raked into the soil. No top dressing was applied. Pearl millet cv. Okashana-1 (Pennisetum glaucum) and cowpea cv. Nakale (Vigna unguiculata) were grown as monocrops and intercrops under wet and dry conditions, and replicated three times. A total of 18 plots were prepared in a randomized complete block design. Both monocropped and intercropped plots consisted of 4.5 m × 10 m, and the total planting area was 810 m 2 . The crops were sown on 9 January. The inter-row and inter-hill spacing for monocropped pearl millet was 0.9 and 1.0 m, respectively, and that for monocropped cowpea was 0.9 m and 0.5 m, respectively. Intercrops were planted in an additive design, which is the most appropriate and widely used design to evaluate resource competition among plants (Snaydon, 1991; Gibson et al., 1999; Connolly et al., 2001a, b; Semere and Froud-Williams, 2001) and is commonly used by local farmers. In this design, the performance of a target crop (pearl millet) was evaluated in the presence of a secondary crop (cowpea). Pearl millet and cowpea were planted in additive series of alternating rows, with a planting density equal to that of each monocrop. Both monocropped and intercropped crops were thinned to one plant per hill at about two weeks after sowing. Weeding was carried out manually between 20 and 25 days after sowing (DAS). Watering for the wet treatment was carried out by a drip irrigation system at weekly intervals for up to 48 DAS. From 48 DAS up to harvest, at heading time (65 DAS), irrigation was done at three-day intervals. Watering for the dry treatment was done at approximately biweekly intervals up to 48 DAS; thereafter, irrigation was stopped completely. The total amount of applied irrigated water for the wet treatment was 138.5 mm (56.1 m 3 ), and that for the dry treatment was 37.8 mm (15.3 m 3 ). Neither pest nor disease management was conducted because no pests were observed.
At the farmer's fi eld, only intercropped pearl millet with cowpea was grown. All fi eld management practices followed the local practices. The land was prepared by animal traction to an approximate depth of 10-15 cm. Neither chemical nor organic fertilizers were applied for this cropping season. The local landraces of pearl millet (cv. Kashana) and cowpea (cv. Ongori) used in the region were sown on 17 December. Sowing was done in small holes in a zigzag pattern with an approximate diagonal distance of 40 cm between pearl millet and cowpea holes (See Fig.  2 ). The inter-row and inter-hill spacing for pearl millet and cowpea was 0.7 and 0.5 m, respectively. Thinning was done to 2-3 and 1-2 plants hill -1 for pearl millet and cowpea, respectively, at about 20-25 DAS. Weeding was carried out only once between 20-25 DAS with a hoe. No pest management was conducted.
Crop measurements
At the university fi eld, at 65 DAS, the monocropped and intercropped plants were harvested, and the shoot dry biomass was determined by oven drying at 80 o C for three days. One day prior to harvest, the photosynthetic and transpiration rates were measured with a portable photosynthesis analyzer (LCi, ADC BioScientifi c, Ltd., UK) using the fi rst fully expanded leaf from the top. The midday leaf water potential was also determined one day before harvest with a pressure chamber device (SKPM 1405, Skye Instruments Ltd., UK) using the fi rst fully developed leaf from the top. Leaf samples were taken between 12:00 and 13:00 h to obtain the values at the time of maximum plant water defi cit.
Root samples were taken after shoot sampling. A trench measuring approximately 2 m in length, 0.8 m in width, and 1.1 m in depth was dug in each cropping pattern. Root samples were taken just below the plant canopy from the following depths: 2.5, 10, 20, 30, 50, 75, and 100 cm with a stainless core sampler (volume 100 cm 3 ). Roots in the cores were washed out with water over a sieve and separated from other organic debris. After removing all debris, the root fresh weight was measured, and the root-weight density (root weight soil volume -1 ) was calculated. Soil cores for soil water content analysis (w/w) were taken from interrow at the same depth intervals as the root sampling. One soil sample was taken from each sub plot of three cropping treatment, and then these three samples were regarded as the three replicates for the main plot of drought and wet treatments. Soil samples were oven dried for 24 hours at 105 o C to acquire the soil water content value (w/w).
At the farmer's fi eld (70 × 50 m), the pearl millet-dominant zone (patch 1) and the cowpeadominant zone (patch 2) were selected for sampling at 82 DAS (Fig. 2) . These patches were originated by the differences in plant growth most probably due to different timing of germination and/or plant establishment. Both the pearl millet-and cowpeadominant zones occupied the central part of the farmer's fi eld and were 7 m apart. In the pearl milletdominant zone (patch 1), intercropped pearl millet showed better plant performance than cowpea; on the other hand, in the cowpea-dominant zone (patch 2), the opposite was true. Planting densities at both patches were the same. In both dominant zones, the shoot dry weight, photosynthetic and transpiration rates, and leaf water potential were sampled and measured in the same way as at the university fi eld. The soil water content (w/w) was determined from bulk soil samples taken from the top 45 cm of the soil profi le at 15 cm-depth increments. Soil samples were collected from inter-row of each dominant zone, immediately after xylem sap collection. Three subsamples from each dominant zone were measured in the same way as at the university fi eld.
Deuterium labeling
In order to estimate the absolute value of plant water uptake from particular portion of the soil such as subsoil layer, the measurement of total water uptake is required (For example, Araki and Iijima, 2005) . In this study, total water uptake was not estimated, therefore, only the water source changes were evaluated. At the university fi eld and farmer's fi eld, one day prior to plant harvest at the pearl millet heading (65 DAS; cowpea before fl owering) and at the time of pearl millet fl owering (82 DAS; cowpea fl owering) 500 mL of deuterated water (1.0 and 0.5 atom % D 2 O at the university and farmer's fi elds, respectively) was applied between two adjacent plants in the monocropped and intercropped situations. Deuterated water was applied at the same distance (approximately 22-23 cm) from the plant base in the monocropped and intercropped situations. The deuterated water was poured onto the soil surface using a measuring cylinder. About 15 h after the application of the deuterated water, xylem sap was collected from the labeled plants following the method of Zegada-Lizarazu and Iijima (2004) . The deuterium abundance in xylem sap was measured by mass spectrometry (DELTA plus , Finnigan Mat Instruments, Inc., Germany). Isotope ratios are presented in standard delta notation (δD) in parts per thousand (‰) relative to the Vienna Standard Mean Ocean Water (V-SMOW). The δD values were expressed as δ D = [(R sample /R V-SMOW )-1]*1000 ‰, where R is the molar ratio of heavy-to-light isotope (D/H), D being deuterium and H, hydrogen. These values were converted into the concentration of deuterated water (atom % excess) and used to determine the water sources of intercropped and monocropped plants. The application of heavy water was regarded as recent rainfall or recently irrigated water.
Statistical analysis
At the university fi eld, a one-way analysis of variance (ANOVA) was used for the comparison of all the parameters measured between the monocropped and intercropped situations. Differences between wet and dry treatments with regard to the soil water content were also evaluated with a one-way ANOVA. At the farmer's fi eld, the differences of all the parameters measured within each species at the two dominant zones were also evaluated with a one-way ANOVA. The number of replicates used for each analysis is indicated in the fi gures and tables. Fig. 3 shows the soil water content in the top 100 and 45 cm of the soil profi le for the two experimental locations. At the university fi eld, the average soil water content in the top 50 cm of the soil profi le was slightly higher in the wet treatment than in the dry treatment (5.4 and 4.4 %, respectively). On the other hand, in deeper layers, the water content was lower in the wet treatment, probably due to the higher root-weight density and greater water uptake by plants in the wet treatment as will be discussed below. Three days before plant harvesting a rainfall of 18.5 mm was registered, which may contribute to the higher soil moisture content in the surface soil in the dry plot than in the wet (Figs. 1 and 3) . Because the plant size in the dry treatment was relatively smaller as compared with wet treatment, the surface soil water in the dry treatment might not be fully consumed before harvesting. At the farmer's fi eld, no signifi cant differences in soil water content were found between the two dominant zones. In the top 15 cm of the soil profi le, the average soil water content of both dominant zones was very low (1.1 %) and gradually increased up to 4.5 % at 45 cm depth. These low soil water content values are related to the rainfall pattern. A light rainfall (5.2 mm) was registered seven days before soil sampling (Fig. 1) . Figure 4 shows the water sources as indicated by the deuterium concentration in the xylem sap water and the effects of competition on the plant water status, as indicated by the leaf water potential and transpiration rate. At the university fi eld, intercropped pearl millet had signifi cantly higher deuterium concentrations in xylem sap compared to monocropped pearl millet in the wet and dry treatments (2.0 and 2.6 times, respectively). In contrast, intercropped cowpea did not signifi cantly differ from monocropped cowpea in the deuterium concentration although the deuterium values increased by intercropping. The signifi cant increase in deuterium value in intercropped pearl millet points to the higher dependence on recently supplied (irrigation/rainfall) labeled water. On the other hand, the water sources of cowpea were not signifi cantly modifi ed by the competition with pearl millet under any circumstances, indicating the higher ability of cowpea to extract existing soil water.
Results
Soil water content
Source of water and leaf water relations
At the farmer's fi eld, the deuterium concentration of intercropped pearl millet in the pearl milletdominant zone was low (0.005 atom %). By contrast, the deuterium values of pearl millet at the cowpeadominant zone were signifi cantly higher. In cowpea, no signifi cant differences were found between the pearl millet-dominant and cowpea-dominant zones. These results indicate the strong dependence of pearl millet on the recently supplied irrigation water in the cowpea-dominant zone but not in the pearl milletdominant zone, while cowpea did not change its water sources at either zone.
Intercropped pearl millet showed signifi cantly lower midday leaf water potential than monocropped pearl millet under dry conditions. In contrast, cowpea did not show signifi cant differences under both water treatments. At the farmer's fi eld, no signifi cant differences were found between the cowpea-dominant and pearl millet-dominant zones within each species. Regardless of the treatment or location, pearl millet always showed a lower midday leaf water potential than cowpea. At the university and farmer's fi elds, neither the water treatment nor the sampling zone modifi ed the transpiration rate of the intercropped species. Overall, these results indicate that intercropping changed the water source of pearl millet; however, water competition was not observed in the midday leaf water potential and transpiration data, except for the drought treatment at the university fi eld. Figure 5 shows the effects of water competition on the shoot dry weight and photosynthetic rate. At the university fi eld, intercropped pearl millet showed lighter shoot dry weight than monocropped plants (23 and 26 % lower under wet and dry, respectively), but the differences were not signifi cant due to the high variation among the replicate plants. On the other hand, the shoot dry weights of monocropped and intercropped cowpea were similar under both water treatments. At the farmer's fi eld, pearl millet shoot dry weight was signifi cantly heavier in the pearl milletdominant zone than in the cowpea-dominant zone. The opposite was true in cowpea.
Shoot dry weight, photosynthetic rate, and root growth
The photosynthetic rate, at the university fi eld was signifi cantly reduced by intercropping only in pearl millet under dry conditions. Under both water treatments, the photosynthetic rate of cowpea was not signifi cantly infl uenced by intercropping. At the farmer's fi eld, the photosynthetic rate of both species showed a pattern similar to that of shoot dry-matter production in both pearl millet-dominant and cowpeadominant zones.
The effect of water competition on root system development (university fi eld) is summarized in Table  2 . Intercropping modifi ed the root growth in the deep soil layers. The root growth of pearl millet at 30 to 100 cm depth was promoted by intercropping, although signifi cant increments were found only at 30 and 100 cm depth in the wet treatment and at 100 cm depth in the dry treatment. In contrast, the root growth of cowpea in the deep layers was either reduced or not infl uenced by intercropping: a signifi cant reduction was found at 100 cm depth in both water treatments. In the shallow soil layers (between 2.5 and 20 cm depth), the root-weight density of pearl millet was lower in intercropping than in monocropping under the dry treatment, but a signifi cant difference was found only in the surface soil layers of 2.5 cm depth. In cowpea, a signifi cant reduction of rootweight density by intercropping was found under wet conditions in the top 10 cm of the soil profi le. Under dry conditions also the root-weight density tended to be reduced by intercropping, although the differences were not signifi cant.
Discussion
Shoot growth, source of water, and leaf water relations
In this study, the effects of competition between intercropped pearl millet and cowpea on the growth, water source, and water relations of each crop were investigated. Deuterated water was applied as recently irrigated water between two adjacent plants to fi nd out whether competition modifi es the water sources of intercropped pearl millet. The results indicated that pearl millet, in the presence of cowpea, increased its dependence on the recently supplied water (irrigation/rainfall). Cowpea also tended to increase the dependence on the recently applied water, but the differences were not signifi cantly (Fig. 4) . Similar results were found by , 2006 in pot and fi eld experiments under Japanese summer conditions. This study also indicated that the dependence of pearl millet on recently supplied water is closely related to the plant size ( Figs. 4 and 5) . At the farmer's fi eld in the patch where pearl millet had a well-developed canopy (the pearl millet-dominant zone), the deuterium concentration in xylem sap of pearl millet was relatively low. Well-established shoot canopy would most probably be related to a welldeveloped root system with a larger water-acquisition zone. Thus, the dependence on surface-applied easily accessible water would be relatively smaller due to its larger water-acquisition zone. On the other hand, in the pearl millet with poor shoot growth (cowpeadominant zone), dependence on the recently supplied water was enhanced by severe competition with well-developed cowpea for existing soil water. In contrast, the deuterium concentration in the xylem sap of cowpea was not signifi cantly infl uenced by the competition with pearl millet, even when cowpea plant growth was suppressed by competition ( Figs. 4 and   5 ). These results confi rm the higher ability of cowpea to extract existing soil water and demonstrate that its water sources were not signifi cantly modifi ed by competition with pearl millet.
In the present study, pearl millet intercropped with cowpea had lower leaf water potential than the cowpea (Fig. 4) . This result is in agreement with the reports of Petrie and Hall (1992 a, b, c) and , 2006 . Under the dry treatment (university fi eld), the midday leaf water potential of pearl millet was signifi cantly reduced by intercropping, indicating the intensifi ed water stress. This would be caused by the competitive advantage of cowpea in extracting existing soil water, as indicated by the deuterium analysis. At the farmer's fi eld, the leaf water potential of intercropped pearl millet was low in both dominant zones. This indicates that, intercropped pearl millet reached a similar level of water stress regardless of the plant size. Since the midday leaf water potential is an approximate measure of soil water status at the time of maximum water defi cit, the similar low leaf water potential values in both pearl millet-dominant and cowpea-dominant zones may be caused by the very low soil water content in the top 15 cm of the soil profi le (Fig. 3) . At the university and farmer's fi elds, the leaf water potential or deuterium concentration values of cowpea was not signifi cantly infl uenced by competition with pearl millet (Fig. 4) , indicating that cowpea had a higher capacity to withstand stressful conditions, most probably due to the high ability to extract existing soil water.
Root growth of intercropped species
C o m p e t i t i o n f o r w a t e r m o d i fi e d t h e r o o t development patterns of both intercropped species, but not in a similar way. In pearl millet, the rootweight density was strongly reduced by intercropping in top layers, while it was increased in the deep layers (Table 2) . Although competition has been suggested to promote the development of deep roots of intercropped grass species (Whittington and O'Brien, 1968) , this is the fi rst study, to our knowledge, to demonstrate the quantitative root biomass data in a pearl millet-based intercropping system. Even though the increased root-weight density in the deep layers may give access to wetter soil layers in intercropped pearl millet, the water supplied to the shoot seems to be insuffi cient to sustain the leaf water potential and dry matter production at same level as in the monocropped situation, especially under dry conditions. In contrast, intercropped cowpea had lower root-weight density in most of the soil layers than monocropped cowpea, whereas its water sources and shoot biomass were maintained at the same level under the two cropping systems. Katayama et al. (1996) indicated a similar pattern of growth of the roots and shoots in cowpea when intercropped with pigeon pea. Below-ground competition for the limited soil water is a possible reason for the modifi ed root growth patterns, but the two species reacted differently to water stress. For example, in the shallow soil layers with densely distributed roots, water competition between the two species would be enhanced under dry treatment, causing lower soil moisture. This may cause the signifi cantly reduced root growth in the surface layer in pearl millet but not in cowpea (Table 2) . Due to the decreased root development in the surface layer by competition with cowpea, deep root growth would be enhanced in intercropped pearl millet. In cowpea, deep root development was not enhanced by intercropping, which implies the stronger ability to uptake the existing soil water. The different adaptation of the root systems of the two crops to competition is also refl ected in their water uptake sources (Fig. 4) , leading to the higher ability of cowpea roots to use or extract the limited existing (or stored) soil water. On the other hand, the higher dependence of pearl millet on the recently applied water (irrigation/rainfall) could be ascribed to its rooting pattern modifi ed by intercropping.
In summar y, the water sources and rooting patterns of intercropped pearl millet were modifi ed by competition with cowpea. Cowpea has a higher ability to acquire existing soil water than pearl millet, forcing pearl millet to develop deeper roots and shift to recently supplied water. This may have important implications in the pearl millet production areas, where farmers seek to maximize pearl millet yields. Moreover, the source of water used by pearl millet seems to be highly correlated with its canopy biomass, but this requires further study.
